Transcriptional reactivation of TERT, the catalytic subunit of telomerase, is necessary for cancer progression in about 90% of human cancers. The recent discovery of two prevalent somatic mutations-C250T and C228T-in the TERT promoter in various cancers has provided insight into a plausible mechanism of TERT reactivation. Although the two hotspot mutations create a similar binding motif for E-twenty-six (ETS) transcription factors, we show that they are functionally distinct, in that the C250T unlike the C228T TERT promoter is driven by non-canonical NF-κB signalling. We demonstrate that binding of ETS to the mutant TERT promoter is insufficient in driving its transcription but this process requires non-canonical NF-κB signalling for stimulus responsiveness, sustained telomerase activity and hence cancer progression. Our findings highlight a previously unrecognized role of non-canonical NF-κB signalling in tumorigenesis and elucidate a fundamental mechanism for TERT reactivation in cancers, which if targeted could have immense therapeutic implications.
The telomerase reverse transcriptase (TERT ) gene encodes the catalytic subunit of the telomerase complex, which is necessary for subverting the adverse effects of progressive telomere shortening [1] [2] [3] [4] . Unlike in stem cells, telomerase activity is typically low or absent in most somatic cells owing to negligible levels of TERT arising from transcriptional repression of its promoter 5 . Hence, reactivation of the TERT gene through transcriptional de-repression of its promoter is the rate-limiting step in reconstituting telomerase activity, which is an essential prerequisite for the progression of most human cancers [6] [7] [8] . Distinct from its role in telomere elongation, various extra-telomeric functions of TERT critical for cancer development have also been described [9] [10] [11] [12] . Clearly, understanding how the human TERT (hTERT -hereafter referred as TERT ) promoter is reactivated in cancers is key to unravelling a fundamental mechanism of cancer progression. Recently, two mutually exclusive and highly recurrent mutations in the core TERT promoter-C250T or C228T (refs 13,14)-were described, providing a plausible handle for studying the mechanism of TERT reactivation.
Several transcription factors including Myc, β-catenin and NF-κB have been proposed to be drivers of the TERT promoter, on the basis of evidence that binding sites for these factors exist on the TERT promoter 15, 16 . NF-κB is a transcription factor well known for regulating many cellular pathways including tumorigenesis 17, 18 . Although NF-κB signalling can regulate TERT expression in vitro 9 and two potential NF-κB-binding motifs have been identified within the TERT promoter 19 , regulation of TERT by NF-κB in human cancers is not documented. As NF-κB-dependent activation of tumour-promoting pathways has been implicated in the pathogenesis of glioblastoma multiforme 20 (GBM), the most aggressive form of brain malignancy with high telomerase activity 21 , we examined whether NF-κB mediates transcription of TERT in GBM. Surprisingly, we uncover a NF-κB-binding site in the TERT promoter that specifically maps to one of the two hotspot mutations (C250T or Table showing TERT promoter mutation status of cell lines. Representative sequences of TERT promoter from cell lines harbouring C250T and C228T TERT mutations respectively are shown. (c) Relative telomerase activity of TWEAK-treated cells was quantified using the TRAP (telomere repeat amplification protocol) assay. Data from one experiment are shown, which is representative of three independent experiments for T98G, LN444, D247mg and LN229 and two independent experiments for U251 and LN382. (d) ChIP was performed in TWEAK-treated cells using p52-, p65-or Pol II-specific antibodies and IgG as a negative control. Enrichment of TERT promoter DNA fragments in ChIP DNA was normalized to DNA input. Data shown represent n = 3 independent ChIP assays for all cell lines. Error bars represent s.d.
(e) C250T-mutant GBM cells transduced with shRNAs targeting p52, RelB, NIK or vector control were treated with TWEAK and analysed for relative TERT expression. Data shown represent the mean of two independent experiments. Student's t-test (two-tailed) was used for all statistical analyses: * P < 0.05; * * P < 0.01. All raw data are shown in Supplementary Table 2. C228T; refs 13,14) in the core TERT promoter and show that this binding is essential for activation of the mutant TERT promoter. Although enhanced transcriptional activity of the TERT promoter has been correlated with C250T or C228T mutations [22] [23] [24] , the definite mechanism(s) underscoring the induction of TERT transcription by these mutations remain poorly understood. It is not clear whether both mutations lead to activation of the promoter by similar mechanisms. Our data suggest that the two TERT promoter mutations that were predicted to generate the same ETS-binding site are functionally distinct, in that the C250T unlike the C228T TERT promoter is driven by non-canonical NF-κB signalling. Consistent with literature 25, 26 that suggests that ETS factors require dimerization . The 11-base-pair motif is palindromic with the left and right half-sites separated by a 1-bp spacer. (b) In vivo enrichment plot of the 11-base-pair p52 motif in two-dimensional G R -G L space. G R : G-scores from the right half-site. G L : G-scores from the left half-site. Plot shows the log 10 -scale enrichment of G R -G L pairs in 100-bp regions centred on p52 ChIP-seq peaks relative to randomly chosen nonp52 binding regions. The area in the triangle illustrates the full-site binding region and the areas in the two rectangles illustrate the half-site binding regions. (c) Double-stranded 26 base pairs DNA oligonucleotides spanning the TERT promoter region containing either the WT or the C250T mutation were designed as probes for EMSA analysis. T98G nuclear lysates were analysed by EMSA using WT or C250T probes. (d) EMSA analysis using Oct-1 control, NF-κB consensus, WT or C250T probes and nuclear extracts from untreated or TNF-α-treated T98G cells. (e) EMSA supershift analysis using the indicated antibodies was performed on T98G nuclear lysates with WT or C250T probes. For lanes 3 and 4, anti-NF-κB2 (Cell Signaling, 4882) and anti-NF-κB2 (Santa Cruz, sc-298) were used respectively. (f) Nuclear extracts from untreated or TWEAK-treated T98G cells were analysed for binding to the C250T TERT promoter DNA-labelled probe using EMSA and a supershift assay with the indicated antibodies was performed using TWEAKinduced nuclear extracts. All EMSA images shown are representative of three independent experiments. , n = 6 fields from two independent experiments in the earlier assay. (f) Colony-formation assay was performed in vector-or NIK WT-expressing T98G cells that were transfected with Ctrl siRNA, RelA siRNA, RelB siRNA or NF-κB2 siRNA. Representative images from two independent experiments are shown. (g) Plot depicting the average number of colonies counted per group (mean ± s.e.m.), n = 6 fields from two independent experiments in the previous assay. Student's t-test (two-tailed) was used for all statistical analyses where * * P < 0.01, * * * P < 0.001. All raw data are shown in Supplementary Table 2 .
with other transcription factors for transactivation, we find that binding of ETS alone to the C250T mutant TERT promoter is insufficient to activate transcription. Efficient reactivation of TERT at this mutant promoter requires cooperation with p52, downstream of non-canonical NF-κB signalling.
RESULTS
Non-canonical NF-κB signalling selectively induces TERT expression in C250T-mutant cells
The NF-κB signalling pathway is functionally segregated into canonical and non-canonical arms 27 . Results from GBM cells stimulated with TNF-α and TWEAK (tumour necrosis factor-like weak inducer of apoptosis), which activate the canonical and non-canonical NF-κB arms respectively, showed that although TNF-α caused a strong induction of NF-κB target genes-IL-8 and I κBα in all GBM cell lines-it did not cause changes in TERT expression ( Supplementary Fig. 1a) . In contrast, a subset of GBM cell lines exhibited TERT induction following TWEAK exposure (Fig. 1a) . Sequencing the TERT promoter region of these cell lines unexpectedly led to a distinct segregation of these lines that induce TERT after TWEAK stimulation, based on their TERT promoter mutation status (Fig. 1b) . Upregulation of TERT in GBM cells containing the C250T mutation correlated with a strong induction of telomerase activity in C250T-mutant cells (Fig. 1c) . It is noteworthy that small changes in TERT transcription are sufficient for a significant increase in telomerase activity 28, 29 . The soluble form of tumour necrosis factor (TNF) superfamily member, tumour necrosis factor-like weak inducer of apoptosis (TWEAK), at low physiological concentration (10-30 ng ml −1 ) predominantly activates non-canonical NF-κB signalling through the Fn14 receptor 30, 31 . Activation of the non-canonical NF-κB pathway C228T (n = 11) and C250T (n = 8), where n is the number of patient tumours; whiskers, maxima and minima number; box, upper/lower 25th percentile and centre line, median. * * P < 0.01; Student's t-test (two-tailed).
(e) Correlation between TERT and NIK expression in GBM tumours of the various TERT promoter mutation statuses. Linear regression test was performed for each analysis and the respective R and P values are indicated below. Data shown represent n = 10 WT, n = 11 C228T and n = 8 C250T tumours. Refer to Supplementary induces NF-κB-inducing kinase (NIK) to stimulate the processing of NF-κB2 p100 to p52 (ref. 32) , which forms a heterodimer with RelB, leading to transcriptional activation of selective NF-κB target genes 33, 34 . GBM cells carrying the C228T mutation did not show induction of TERT or significant differences in telomerase activity following TWEAK stimulation (Fig. 1a,c ), although these cell lines express similar levels of Fn14 and levels of TWEAK-induced nuclear p52 and RelB accumulation seen were comparable to C250T cells ( Supplementary Fig. 1b,c) . These results suggest that although similar levels of p52/RelB are activated in all GBM cells, only the C250T-mutant TERT promoter is responsive to these dimers. Consistent with the induction of TERT transcription and telomerase activity, C250T-mutant GBM cells exhibited a significant increase in p52 occupancy on the TERT promoter whereas no p52 enrichment was seen in C228T GBM cells (Fig. 1d) . Specific enrichment of p52 at the C250T TERT promoter following TWEAK stimulation also led to increased RNA polymerase II (Pol II) recruitment (Fig. 1d) . In contrast to the TERT promoter, TWEAK-induced p52 and Pol II enrichment at a known p52 target gene promoter, namely BLC (B lymphocyte chemoattractant or CXCL13), occurred with similar efficiency in both C250T and C228T GBM lines ( Supplementary  Fig. 2a ). Lentiviral knockdown of p52, RelB and NIK abolished the induction of TERT in TWEAK-stimulated C250T GBM cells, verifying that TWEAK-mediated effects on the C250T TERT promoter are specifically mediated through non-canonical NF-κB signalling ( Fig. 1e and Supplementary Fig. 2b ). Association of p65 (RelA) at the TERT promoter was not observed in TWEAK-induced C250T GBM cells (Fig. 1d) . Furthermore, TNF-α stimulation failed to recruit p52 to the TERT promoter ( Supplementary Fig. 2c ) although efficient p65 and Pol II recruitment to the canonical target gene promoter, NF-κB1A, was observed ( Supplementary Fig. 2d ).
These observations were also recapitulated when T98G and U251 cells, containing the C250T and C228T TERT mutations respectively, were stimulated with agonistic human LTβR antibody, another ligand that activates non-canonical NF-κB signalling 34, 35 . Although anti-LTβR stimulated a similar pattern of p100 processing to p52 in both cell lines ( Supplementary Fig. 3a ), significant induction of TERT messenger RNA was seen in T98G but not in U251 cells ( Supplementary Fig. 3b ). These findings corresponded with a significant enrichment of p52 and Pol II at the TERT promoter in T98G cells but not in U251 cells ( Supplementary Fig. 3c ), although similar levels of p52 and Pol II recruitment at the BLC promoter were detected in all cells with anti-LTβR ( Supplementary Fig. 3d ). Increased occupancy of p52 on the C250T TERT promoter correlated with their enhanced proliferation ( Supplementary Fig. 3e ) as well as increased telomerase activity after anti-LTβR treatment ( Supplementary Fig. 3f ). In contrast, anti-LTβR-treated U251 cells exhibited no difference in proliferation and telomerase activity ( Supplementary Fig. 3e ,f). Taken together, these findings suggest that non-canonical NF-κB signalling specifically activates the C250T TERT promoter in human GBM cells.
C250T TERT promoter mutation creates a p52-binding site NF-κB dimers bind the consensus sequence 5 -GGGRN(Y)YYCC-3 . However, the nucleotide sequence spanning the C250T mutation site does not form a complete NF-κB consensus motif. Although NF-κB dimers have been observed to bind only one half-site (5 -GGGGG-3 or 5 -GGAA-3 ) in vitro 36 , in vivo half-site binding of NF-κB dimers, especially p52/RelB, has not been investigated. We thus examined whether p52 can bind half-site at the C250T TERT promoter using the only available in vivo p52 ChIP-seq data from lymphoblastoid B cells 37 . Through de novo motif analysis [38] [39] [40] , we identified the palindromic p52 motif from 12,239 p52 ChIP-seq peaks (Fig. 2a ) and analysed these binding regions for p52 half-site binding in vivo. The total binding energy (G-score) of the 11-base-pair p52 motif was decomposed into left and right half-site G L and G R (Fig. 2b ) and p52 motif enrichment was computed in two-dimensional G L -G R space (Fig. 2b ) 38, 41 . From this plot, 11 base pairs with high binding affinity (low G-score) were recognized as full-site binding regions and were uniformly distributed along anti-diagonal lines (Fig. 2b -area in triangle) 41 . In contrast, 11 base pairs with lower full-site binding affinity regions tend to enrich in the half-site binding regions ( Fig. 2b -area in rectangles) where only one of the half-site G L or G R is low 41 . We therefore provide evidence that p52 binds to half-sites in vivo.
The electrophoretic mobility shift assay (EMSA) demonstrated enhanced binding on the DNA probe containing the C250T TERT promoter sequence relative to the wild-type (WT) TERT promoter ( Fig. 2c , lanes 1-2) using nuclear extracts from the C250T line T98G. Whereas activation of NF-κB DNA binding to its established consensus motif was dependent on TNF-α stimulation (Fig. 2d , lanes 3-4), DNA binding to the C250T TERT promoter was unperturbed by TNF-α stimulation (Fig. 2d , lanes [7] [8] . This is consistent with earlier observations that regulation of the C250T TERT promoter is independent of canonical NF-κB signalling. Supershift EMSA with antibodies targeting NF-κB2 (p100/p52) and RelB diminished protein binding to the C250T TERT promoter (Fig. 2e, lanes 3-5) . In contrast, antibodies targeting c-Rel and unspecific IgG did not affect protein binding on the C250T TERT promoter (Fig. 2e , lanes 6-7). To verify the functional implications of p52/RelB binding on the C250T TERT promoter, we performed short interfering RNA (siRNA) experiments on T98G and U251 cells. Significant downregulation of TERT was observed in T98G cells but not in U251 cells following downregulation of NF-κB2 and RelB ( Supplementary  Fig. 3g ). Enhanced binding to the C250T TERT promoter was observed with TWEAK stimulation (Fig. 2f , lanes 1-2) and this binding was disrupted by antibodies against NF-κB2 (p100/p52) and RelB but not c-Rel and IgG (Fig. 2f , lanes 3-6). RelB does not possess DNA-binding activity as a homodimer but rather mediates its transactivation function by forming a heterodimer with p52 (refs 42,43) . Recombinant p52 robustly bound to the C250T TERT promoter in a dose-dependent manner ( Supplementary  Fig. 4a , lanes 4-6) whereas GST protein did not ( Supplementary  Fig. 4a, lane 7) . A DNA probe containing the known human immunodeficiency virus (HIV) κB binding sites for p52 (ref. 43 ) was used a control for p52 binding ( Supplementary Fig. 4a, lanes 2-3) . Binding of p52 to the C250T TERT promoter was completely abolished when two residues in the rel homology region (RHR) critical for DNA binding were mutated ( Supplementary Fig. 4b, lane 6) . Taken together, these results provide evidence for a p52 binding site on the C250T TERT promoter and demonstrate a previously unrecognized function of non-canonical NF-κB signalling in regulation of TERT transcription. 
Ctrl TWEAK Figure 5 CRISPR/Cas9-mediated reversal of the C250T mutation abolishes p52 activation of the TERT promoter. (a) gRNAs targeting the TERT promoter at various loci adjacent to the C250T mutation site were cloned into pSpCas9 (BB) vector and co-transfected with a pCAG-EGxxFP plasmid 28, 65 containing a genomic fragment spanning the TERT promoter (TF2-TR2) to examine their efficiency. gRNA2 and gRNA8 target sequences that have high efficiency in targeting Cas9 endonuclease-mediated cleavage of the TERT promoter (shown here) were selected for CRISPR/Cas9-induced reversal of C250T mutation in T98G cells. Scale bars, 100 µm. (b) The C250T mutation site was edited from a thymine to a cytosine residue in the TERT promoter of T98G cells using the CRISPR/Cas9 system and DNA chromatograms spanning the C250T TERT promoter region of 4 different single-cell clones are shown. (h,i) ChIP was performed in control or TWEAK-treated C250T-positive and WT clones using p52-, p65-or Pol II-specific antibodies and IgG as a negative control. Enrichment of TERT promoter (h) and BLC promoter (i) DNA fragments in ChIP DNA was normalized to DNA input. n = 3 independent ChIP assays per clone were performed. Error bars represent s.d. Student's t-test (two-tailed) was used for all statistical analyses; * P < 0.05; * * P < 0.01. All raw data are shown in Supplementary Table 2 . , n = 6 fields per cell line assessed from two independent experiments. * P < 0.05; * * P < 0.01; * * * P < 0.001; Student's t-test, two-tailed. All raw data are shown in Supplementary Table 2 .
Non-canonical NF-κB activation enhances tumorigenicity of C250T-mutant GBMs by increasing telomerase activity NIK is a MAP3K kinase that signals downstream of TWEAK/Fn14 and LtβR to induce phosphorylation of p100 by IκB kinase α (IKKα), leading to p100 ubiquitylation and processing to p52 (refs 33,34) . Thus, NIK overexpression activates the non-canonical NF-κB pathway, resulting in the generation of mature p52 (ref. 44) . Ectopically expressed NIK upregulated TERT expression in T98G cells whereas expression of kinase-inactive mutant NIK (NIK KK) did not ( Fig. 3a and Supplementary Fig. 5a ), indicating that NIK-induced processing of p100 was necessary for activation of the C250T TERT promoter. This was consistent with the significant enrichment of p52 and Pol II at the TERT promoter ( Supplementary Fig. 5b ) and the induction of telomerase activity in NIK-expressing T98G cells ( Supplementary Fig. 5c ). In contrast, NIK expression in U251 cells did not affect TERT expression (Fig. 3a) , telomerase activity ( Supplementary Fig. 5c ) or recruitment of p52 or Pol II at the TERT promoter ( Supplementary Fig. 5b ), although both complexes were significantly enriched at the BLC promoter ( Supplementary  Fig. 5d ). These findings were consistent with reporter assays using these TERT promoters. Ectopic expression of NIK augmented the transcriptional activity at the C250T TERT promoter-driven but not WT TERT promoter-driven luciferase and this effect was not seen when NIK KK was expressed ( Supplementary Fig. 5e ). Furthermore, TWEAK treatment resulted in increased transcriptional activity at the C250T TERT promoter but not the WT TERT promoter (Supplementary Fig. 5f ). Ectopic expression of NIK in T98G cells caused increased cell proliferation (Fig. 3b,c) , which was abolished following treatment with siRNA against TERT (Fig. 3d,e) , suggesting that the NIK-mediated growth advantage depends on upregulation of TERT and hence telomerase activity. Induction of TERT mRNA and cell proliferation in NIK-expressing C250T cells were abrogated following treatment with siRNA against NF-κB2 and RelB but not RelA, further suggesting that NIK-regulated activation of the C250T TERT promoter is mediated through the non-canonical NF-κB pathway (Fig. 3f,g and Supplementary Fig. 5g,h ). Ectopic expression of NIK ( Supplementary Fig. 6a ) markedly enhanced in vivo tumour growth of T98G cells (Fig. 4a,b and Supplementary Fig. 6b,c) , which were previously reported to be non-tumorigenic in immunodeficient mice 45 . In contrast, T98G cells expressing vector control or NIK in combination with short hairpin RNA (shRNA) targeting p52 ( Supplementary Fig. 6a) were not tumorigenic in vivo (Fig. 4a,b and Supplementary Fig. 6b ). Enhanced tumorigenic potential of NIK-expressing T98G cells in NOD-SCID mice was consistent with their increased telomerase activity relative to vector control that was abolished in NIK p52 shRNA cells (Supplementary Fig. 6d ). Gliomagenesis and invasiveness of these human cells in orthotopic glioma xenograft models showed accelerated tumour growth in mice that were xenotransplanted with NIKexpressing T98G cells (Fig. 4c) . One of three mice implanted with vector T98G cells developed an intracranial tumour, but all three mice bearing NIK-expressing T98G cells developed gliomas and this increased tumorigenesis was completely abolished by p52 knockdown (Fig. 4c) . These observations therefore support the critical role of the non-canonical NF-κB pathway in activating TERT expression and telomerase function through the C250T TERT promoter, hence potentiating in vivo tumorigenicity. We also analysed NIK and TERT expression levels in primary human tumours derived from GBM patients using immunohistochemical (IHC) staining, and simultaneously sequenced genomic DNA extracted from the same tumour material for TERT promoter mutations. From the 29 GBM tumours analysed, 28% and 38% of the samples harboured C250T (n = 8) and C228T (n = 11) TERT mutations respectively, 34% of tumours were WT for the TERT promoter (n = 10) (Fig. 4d) . Tumours containing TERT promoter mutations exhibited increased TERT expression compared with WT tumours (Fig. 4d) . In particular, C250T-positive tumours had significantly higher TERT expression compared with WT tumours (P = 0.0017; t-test, two-tailed; Fig. 4d ). Tumours with the C228T mutation showed a trend of higher TERT levels as compared with WT tumours, although the difference was not statistically significant (P = 0.0859; t-test, two-tailed; Fig. 4d ). Further IHC analysis of these tumours for NIK expression revealed a positive correlation (P = 0.028; Linear regression test) between increased NIK expression and high TERT levels particularly in C250T tumours (Fig. 4e,f) . This association between elevated NIK levels and TERT overexpression in GBM tumours was not seen in WT tumours or in C228T tumours (Fig. 4e,f) . These findings highlight the significant concordance between enhanced NIK expression and increased telomerase expression in GBM tumours carrying the C250T mutation.
Targeted reversal of C250T mutation abolishes activation of TERT by p52
To confirm whether p52 binds the C250T loci and no other location on this promoter, we targeted this mutation site using CRISPR/Cas9 technology to reverse this point mutation to the WT in the genome of T98G cells. Two guide RNAs targeting the TERT promoter were each selected to mediate a single Cas9 endonuclease-induced double-stranded break at either loci adjacent to C250T mutation site (Fig. 5a ) and single-stranded oligonucleotides containing the WT TERT promoter sequence were co-transfected into T98G cells to mediate genome editing. We obtained three T98G clones that carried the WT TERT promoter sequence-two het clones with one copy of the thymine residue repaired to cytosine and one clone with both alleles edited (Fig. 5b) . Reversal of the C250T mutation to WT resulted in an appreciable reduction of telomerase activity (Fig. 5c ) and proliferation (Fig. 5d,e ) of all three WT clones, relative to a C250T-positive clone that was similarly isolated following the CRISPR/Cas9 screen. Furthermore, C250T reversal abolished TWEAK-mediated induction of TERT expression (Fig. 5f ) and telomerase function (Fig. 5g ) in all three WT clones but not the C250T-positive clone, which retained similar telomerase activity as control T98G cells (Fig. 5c) . Consistently, TWEAK-induced recruitment of p52 and Pol II to the TERT promoter was abrogated following C250T reversal (Fig. 5h) although similar enrichment of the two factors was found at the BLC promoter, on TWEAK stimulation, in both the C250T-positive and WT clones (Fig. 5i) . These findings therefore reaffirm that this single hotspot mutation generates a binding site for p52 that drives TERT reactivation in GBMs.
p52 interacts with ETS factors at the C250T TERT promoter to mediate TERT reactivation
The C>T transition is predicted to create a binding motif for the E-twenty-six (ETS) family of transcription factors (GGAA, opposite strand) 13, 14 . As NF-κB factors have been previously demonstrated to interact with ETS proteins 46, 47 , we performed immunoprecipitation with anti-Flag beads in T98G cells expressing Flag-tagged p52. p52 co-immunoprecipitated ETS1 and ETS2 in T98G cells (Fig. 6a) , confirming the physical interaction between p52 and ETS factors. Consistent with this, ChIP re-ChIP showed ETS1/2 association with p52 at the TERT promoter in T98G cells (Fig. 6b) . Furthermore, knockdown of ETS1/ETS2 or NIK similarly reduced proliferation in C250T-mutant GBM cells (Fig. 6c-f ). ETS1/ETS2 are known to be auto-inhibited and require cooperative binding with another transcription factor by forming a homodimer 25, 26 or a heterodimer 48 for DNA-binding activities. Our experimental results show that ETS1/2 and p52 co-bind the C250T region but not the C228T region.
As both C250T and C228T TERT mutations generate the same ETS consensus motif de novo, we examined the TERT promoter region spanning both mutation sites for cooperative binding between ETS and p52/RelB to explain the differential response observed. Using TACO to predict co-association of ETS-p52/RelB heterodimers at the chromatin 49 , we found all three dimers to be highly enriched in two cell lines (adjusted P value of less than 0.05; Fig. 7a) The consensus of the three dimers 5 -nTCCnn(T/A)TCC-3 indicates that p52 and ETS1 may form a heterodimer with a 2-base-pair (bp) space. As the p52 half-site motif is very similar to the ETS1 consensus site, it is not feasible to pinpoint which half-site is bound by p52. However, it is worth noting that both 5 -T1C2C3-3 half-sites require a T at position 1 instead of a C. No enrichment of another p52/RelB half-site motif 5 -NCCCC-3 in the dimers also highlights the importance of T in both half-sites. We therefore aligned the consensus of the enriched dimer to the C250T and C228T regions and found that the C250T region perfectly matches the two 'TCC' half-sites with the correct spacing. In contrast, the C228T region lacks a T on the right half-site, which may explain the less favourable binding of the p52/ETS1 heterodimer to the C228T region (Fig. 7a) .
To verify cooperative binding between p52 and ETS factors in vitro, we performed EMSA using recombinant p52 and ETS1 proteins. Whereas p52 bound both the WT and C250T TERT promoters (Fig. 7b, lanes 1 and 4) , we found that ETS1 bound specifically to the mutant TERT promoter (Fig. 7b, lanes 2 and 5) , which supports current evidence that TERT promoter mutations generate ETS binding sites de novo 13, 14, 50 . Our ChIP analysis further confirmed that ETS1 can bind the C250T TERT promoter without stimulation (Fig. 7c) . Notably, addition of p52 and ETS1 proteins to the mutant TERT promoter resulted in enhanced binding of p52/ETS and a complex of higher mobility (Fig. 7b, lane 6) , thus validating our bioinformatics prediction. siRNA against ETS1/ETS2 reduced the induction of TERT expression in TWEAK-treated T98G cells (Fig. 7d) , and decreased p52 and Pol II enrichment at the TERT promoter (Fig. 7e) , suggesting that ETS1/2 occupancy at the C250T TERT promoter is critical for p52-mediated activation of TERT transcription. Notably, p52 enrichment at the TERT promoter was completely abolished in T98G cells treated with ETS1 siRNA (Fig. 7e) , which is probably attributed to the predominant expression of ETS1 and its association with p52 in T98G cells ( Fig. 6a; red asterisk) . Correspondingly, the increase in telomerase activity was abrogated in all three TWEAK-induced C250T GBM cell lines that were pre-treated with siRNAs targeting ETS1 or ETS2 (Fig. 7f) .
DISCUSSION
We uncover a NF-κB-binding site in the C250T mutant TERT promoter that is essential for its activation. We show that the C250T TERT promoter, unlike C228T, is driven by non-canonical NF-κB signalling. Binding of ETS factors to the C250T-mutant TERT promoter in the absence of non-canonical NF-κB signalling is insufficient to activate TERT transcription and efficient reactivation requires cooperation with the p52 subunit of NF-κB, downstream of non-canonical NF-κB signalling. We also show that ETS-p52 cooperation occurs only in context of the mutant C250T sequence (Fig. 7a,b) and these data explain why TERT is not activated by NF-κB signalling in somatic cells with the WT TERT promoter sequence. On the basis of the results presented, we propose a model for telomerase reactivation in human cancers harbouring C250T TERT promoter mutations (Fig. 7g) . TERT expression is low when ETS1/2 alone is bound at the C250T promoter. On activation of non-canonical NF-κB signalling through exogenous ligands (for example, TWEAK) or constitutive NIK expression, p52 is recruited to the C250T promoter and cooperates with ETS factors to drive efficient TERT transcription (Fig. 7g) . Enhanced TERT expression promotes telomerase activity, necessary for cancer progression (Fig. 4a-c) . Strong support for this model is provided by the evidence that the C250T mutation site when reversed to WT status by CRISPR/Cas9 loses ETS1/2 binding and p52 is no longer recruited or stabilized at the TERT promoter (Fig. 5h,i) , resulting in the loss of TERT expression (Fig. 5f ), telomerase activity ( Fig. 5g ) and cancer cell growth (Fig. 5d,e) . Although recombinant p52 binds in vitro to the WT TERT promoter (Fig. 7b) , this half-site binding at non-physiological concentrations is not reflective of in vivo interactions as demonstrated by ChIP (Fig. 5h) . The non-canonical NF-κB pathway is predominantly known to regulate lymphoid organ development 51 , B cell activity and differentiation 52 , dendritic cell function 53, 54 , and bone metabolism 34, 52 . There has been accumulating evidence documenting the involvement of NIK in tumorigenesis of melanoma 55 , breast cancer 56 and multiple myeloma 35, 57 . The canonical NF-κB pathway has been shown to be associated with progression of many cancers and thought to be required for acquisition of resistance to chemotherapy [58] [59] [60] [61] . Unlike the canonical NF-κB activity that is transient 62 but strong, the non-canonical NF-κB signalling is known to be slow but persistent. We reason that given that the TERT promoter needs to be open persistently following reactivation, tumour cells coopt to use the non-canonical NF-κB activity (much like it is used in organogenesis) for continued expression of TERT in the proliferating tumour mass. Indeed recent studies have documented increased levels of RelB and NIK in human GBMs (refs 63,64) , implicating the role of non-canonical NF-κB signalling in GBM survival and tumour progression. We conclude that the non-canonical NF-κB pathway is essential for telomerase reactivation in human cancers harbouring the highly prevalent C250T TERT promoter mutations.
METHODS
Methods and any associated references are available in the online version of the paper. No cell lines used in this study are found in the database of commonly misidentified cell lines (ICLAC and NCBI Biosample). Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS; HyClone) using standard tissue culture techniques. Cell lines were tested using MycoAlert Plus Mycoplasma Detection Kit (Lonza, no. LT07-710) and confirmed to be free of mycoplasma contamination. For TWEAK stimulation, recombinant human TWEAK (PeproTech; 310-06) was reconstituted and administered according to the manufacturer's recommendations. All GBM cell lines except D247mg and LN229 were treated with 10 ng ml −1 of TWEAK. D247mg and LN229 cells were stimulated with 30 ng ml −1 of TWEAK. For agonistic human LtβR antibody treatment, anti-LtβR (R&D Systems; AF629) was reconstituted with PBS and added to cells at a concentration of 0.4 µg ml −1 . For siRNA treatment, GBM cells were seeded overnight to 60% confluency on the following day in 12-well plates and transfected with RNA-lipid complexes containing non-targeting siRNA, siRNAs targeting NF-κB2 (L-003918), RelB (L-004767), RelA (L-003533) ETS1 (L-003887) or ETS2 (L-003888) (Dharmacon smartpool siRNA) and Lipofectamine RNAiMAX reagent (Life Technologies). siRNA resuspension and transfection procedures were performed according to the manufacturers' recommendations.
Plasmids. TERT promoter DNA fragments were PCR amplified using genomic DNA of cancer cell lines containing either the WT or C250T TERT promoter sequence and subcloned into pGL3 luciferase reporter vectors. Human WT p52 was cloned from cDNA into the pBobi mammalian expression vector with an aminoterminal Flag tag. Lentiviral mammalian expression constructs for human WT NIK and kinase-dead NIK mutant (NIK KK) were cloned from cDNA into the pLenti-CMV GFP-zeocin vector (Addgene). Lentiviral shRNA expression plasmids of NF-κB2 (p52), RelB and NIK were cloned into the pLKO.1-puro vector (Addgene). Targeting sequences are available on request.
Genomic DNA isolation and Sanger sequencing. Genomic DNA of GBM cell lines was extracted by digesting cell pellets with tail lysis buffer (supplemented with proteinase K) and performing DNA precipitation thereafter using isopropanol. The proximal TERT promoter fragment spanning C250T and C228T was PCR amplified from genomic DNA using the following primers: forward 5 -CCCTGGGTCTCCG GATCA-3 ; reverse 5 -CACGCACACCAGGCACT-3 . The purified PCR product was subsequently sent for Sanger sequencing using the primer 5 -CCCACAGCTTA GGCCGATTC-3 to check for TERT promoter mutation status.
Electrophoretic mobility shift assay (EMSA). Nuclear extracts from control or treated cells were isolated using standard methods. EMSA was performed as described previously 9 . The following radiolabelled probes were used for EMSA: WT TERT promoter (double stranded, 5 -GTCCCGACCCCTCCCGGGTCCC CGGC-3 ), C250T TERT promoter (double stranded, 5 -GTCCCGACCCCTT CCGGGTCCCCGGC-3 ), NF-κB consensus (double stranded, 5 -TCAACAGA GGGGACTTTCCGAGAGGCC-3 ), Oct-1 (double stranded, 5 -TGTCGAATG CAAATCACTAGAA-3 ) and HIV-κB (double stranded, 5 -GCTACAAGGGA CTTTCCGCTGGGGACTTTCCAGAGAGG-3 ). For supershift assays, 1 µg of polyclonal antibodies targeting NF-κB2 (Cell Signaling; 4882 and Santa Cruz; sc-298), RelB (Cell Signaling; 4954), c-Rel (Santa Cruz; sc-70) and nonspecific IgG (Santa Cruz) were added to nuclear lysates and incubated on ice for 20 min, before addition of radiolabelled probes. For the cooperative binding assay, 10 µg each of recombinant p52 and ETS1 proteins were incubated alone in EMSA binding buffer or mixed together and incubated for 30 min at 4 • C before DNA-labelled probes were added.
De novo motif discovery and half-site binding analysis. For the motif analysis of p52 half-site binding in vivo, p52 ChIP-seq data generated from lymphoblastoid B cells 37 were used. Duplicate reads were filtered out using SAMtools 40 and only reads with a mapping quality score ≥10 were kept. Peaks were called using DFilter 39 . A total of 12,239 peaks were called with the P value threshold of 10 −10 . Then de novo motif discovery was performed using TherMos 38 by forcing a palindrome on the p52 ChIP-seq library (accession number: GSE55105). On the basis of the palindromic p52 motif discovered by TherMos, the 12,239 p52-binding regions were scanned for evidence of half-site binding of p52 in vivo as described previously 41 . Briefly, from the position-specific energy matrix predicted by TherMos, the total binding energy (G-score) of any 11 base pairs was calculated by summing over the free energy contributions of each nucleotide in the 11 base pairs. The G-score of the 11-base-pair p52 motif was decomposed into left and right half-sites G L and G R and p52 motif enrichment was calculated in the two-dimensional G L -G R space. In the two-dimensional space, the foreground is represented by 11 base pairs in the 100-base-pair regions centred on the 12,239 ChIP-seq peaks (Fig. 2b) while the background consists of 11 base pairs in random 4 million 100-base-pair regions without overlapping with the p52 ChIP-seq binding regions. Any 11-base-pairs on the same anti-diagonal line has the same binding affinity. The bottom left corner of the plot (area in the triangle) is recognized as the full-site binding region where the 11 base pairs have high binding affinity (low G-score) and uniformly distribute along the anti-diagonal lines. However, at lower full-site binding affinity regions, 11 base pairs tend to enrich in the half-site binding region (area in the rectangles) where only one of the half-site G L or G R is low.
TACO (transcription factor association from complex overrepresentation).
For the bioinformatics prediction of cell-type-specific cooperative binding between ETS factors and p52/RelB dimers, TACO (ref. 49 ) was used to scan regulatory regions in 44 cell types. Regulatory regions in these cell types were annotated on the basis of chromatin openness using ENCODE DNase-seq data sets from the University of Washington 66 . The two p52/RelB half-site motifs (5 -TCCCN-3 and 5 -NCCCC-3 ) and the ETS1 consensus motif (5 -[T/A]TCC-3 ) were provided as input to TACO (Fig. 6c, top panel) . All possible dimers constructed from these three half-sites (all possible orientations within 50-base-pair spacing) were tested by TACO for enrichment in regulatory regions. TACO tests for dimer enrichment in regulatory regions of one specific cell type relative to a background set constructed by taking the union of regulatory elements from all 44 cell types. Dimers with an adjusted P value of less than 0.05 are annotated as significantly enriched.
RNA extraction and quantitative real-time PCR (qPCR).
Total RNA was isolated using the RNeasy Kit (Qiagen) according to the manufacturer's recommendations. Complementary DNA was synthesized using Superscript Vilo reverse transcriptase (Life Technologies) and real-time PCR (qPCR) was performed in triplicates using SYBR GreenER (Life Technologies). The sequences of the qPCR primers used are listed in Supplementary Table 1 . Western blot analysis. Western blotting was performed using standard methods and the following antibodies were used for analysis: anti-NF-κB2 (Cell Signaling; 4882), anti-RelB (Cell Signaling; 4954), anti-p65 (Santa Cruz; sc-372), anti-NIK (Cell Signaling; 4994), anti-Flag (Sigma; F7425), anti-ETS1/2 (Santa Cruz; sc-112), anti-actin (Santa Cruz; sc-1616), anti-GAPDH (Santa Cruz; sc-32233) and anti-TRF2 (Upstate; 05-521). Except for anti-GAPDH (clone 1315) and anti-TRF2 (clone 4A794) monoclonal antibodies, all other antibodies are polyclonal. Antibody dilutions used were 1:2,000 for anti-Flag and 1:1,000 for all other antibodies.
Co-immunoprecipitation and chromatin immunoprecipitation (ChIP) assays. For co-immunoprecipitation, cells were lysed in immunoprecipitation lysis buffer (10 mM Tris at pH 8, 170 mM NaCl and 0.5% NP40, supplemented with protease inhibitors) on ice for 15 min before sonication for 5 cycles. Lysates were centrifuged at 14,000 r.p.m. (Eppendorf, centrifuge 5417R) for 15 min and 500 mg of each supernatant was used for immunoprecipitation. For immunoprecipitation of Flag-tagged proteins, 20 µl packed gel volume of anti-Flag M2 magnetic beads (Sigma; M8823) was used per reaction, according to the manufacturer's instructions.
ChIP was performed on GBM cell lines as described previously 9 , using the following antibodies (2 µg per ChIP): anti-NF-κB2 (p100/p52) (Abcam; ab7972), anti-Pol II (Santa Cruz; sc-899), anti-p65 (Santa Cruz; sc-372X), anti-ETS1/2 (Santa Cruz; sc-112X), anti-ETS1 (Santa Cruz; sc-350) and nonspecific IgG (Santa Cruz). For re-ChIP, anti-NF-κB2 (p100/p52) was used for the first immunoprecipitation. After elution with recombinant p52 protein and washing, the ChIP eluate was used for the second immunoprecipitation using anti-ETS1/2 or nonspecific IgG antibodies. The sequences of the ChIP primers for the TERT and BLC promoter regions and the negative control promoter fragment (TERT +2000) are listed in Supplementary Table 1 .
Mouse tumour xenograft and orthotopic glioma models. All animal experiments were carried out in accordance with ethical guidelines and approved by the Institutional Animal Care and Use Committee (IACUC), Biological Resource Center (BMRC) A * STAR. For the mouse tumour xenograft assay, 5 million cells per sample were mixed with Matrigel (BD) in a 1:1 ratio and injected subcutaneously into 5-6-week-old, female NOD-SCID mice (n = 5 mice per group). Mice implanted with human GBM cells were euthanized after 10 weeks and their tumours isolated for subsequent analysis.
The orthotopic tumour model was created by stereotaxic injection of T98G cells into the brains of 8-week-old, female NOD-SCID mice (n = 3 mice per group). In brief, 1 × 10 5 cells (at a concentration of 2 × 10 4 cells µl −1 ) were prepared in sterile 1× PBS. After anaesthetization by 2-3% isoflurane, the mouse head was fixed to a digital stereotaxic system (Stoelting). A burr hole was made on the skull using a 23G sterile needle at 2 mm behind the bregma, 1.5 mm on the right of the midline. A 10 µl NANOFIL syringe (World Precision Instruments) pre-filled with cells was prepared and the needle was inserted 3.5 mm into the brain parenchyma through the burr whole. A 5 ± 0.3 µl volume of cells was injected at a rate of 1 µl min −1 using a infusion pump (KD Scientific). After injection, the needle was removed and the burr hole was covered with bone wax, and then the incision was sutured with poly-lysine thread. The mice were given analgesics (buprenorphine) and antibiotics (enrofloxacin) over 5 days post surgery.
The tumour growth was monitored periodically using a 7 T MRI (ClinScan, Bruker BioSpin GmbH). A 72 mm volume transmit coil along with a mouse brain array coil was used for imaging. T2-weighted images were acquired using a turbospin echo sequence with TR = 4,000 ms TE = 34 ms, 100 × 100 × 300 µm resolution and two averages. The tumour volume was manually segmented and calculated using ImageJ.
CRISPR/Cas9 reversal of the TERT promoter mutation. The CRISPR design tool (http://crispr.mit.edu) was used to identify CRISPR/Cas9 sites targeting the TERT promoter region and highly specific targets were chosen according to recommendations from a previous study 68 . Guide RNAs (gRNAs) were subsequently designed and cloned into the BbsI sites of the PX459 (pSpCas9 (BB)-2A-Puro) vector for coexpression with Cas9, according to the previously described protocol 68 . The targeting efficiency of each gRNA in inducing cleavage of the TERT promoter was tested by co-transfecting each pSpCas9-gRNA vector with the pCAG-EGxxFP plasmid 65 containing a genomic fragment spanning the TERT promoter (TF2-TR2) (Fig. 5a ) in T98G cells. The sequences of the oligonucleotides used to generate two of the double-stranded gRNAs (containing BbsI overhangs) with the best efficiency are listed in Supplementary Table 1. gRNA2 and gRNA8 were then cloned into PX458 (pSpCas9 (BB)-2A-GFP) for more efficient selection of clonal cell lines by FACS. For CRISPR/Cas9 reversal of the C250T mutation by homology-directed repair (HDR), T98G cells were cotransfected with pSpCas9 (PX458)-gRNA2 or -gRNA8 and single-stranded HDR oligonucleotides containing the WT TERT promoter sequence. Isolation of clonal cell populations from transfected cells was then performed 48 h after transfection by FACS sorting through GFP expression. Single-cell clones that grow after 2-3 weeks were picked, expanded and genotyped for TERT promoter mutation status as described earlier.
Clinical samples. Twenty-nine archived glioma specimens (Grade IV astrocytoma) were clinically and histopathologically diagnosed at the First Affiliated Hospital of the Sun Yat-sen University. The study was approved by the Sun Yat-sen University Zhongshan School of Medicine Research Ethics Committee. Prior informed consent was obtained from every donor.
Protein expression and purification. Human WT p52 and ETS1 were cloned from cDNA into the pGEX-KG vector with an N-terminal GST tag. Mutant p52 was generated by mutating amino acids 52 and 53 in the Rel homology domain (RHR) using site-directed mutagenesis. GST-tagged ETS1, WT and mutant p52 proteins were expressed by Escherichia coli BL21 and purified using glutathione Sepharose beads (GE Healthcare) followed by size-exclusion chromatography.
Luciferase reporter assay. 293T HEK (human embryonic kidney) cells were seeded at a density of 3 × 10 4 cells per well in 24-well plates and transfected the following day using Lipofectamine LTX (Life Technologies) with 0.75 µg of pGL3-basic, pGL3-TERT WT promoter or pGL3-TERT C250T promoter and 30 ng of Renilla luciferase constructs. Cells were lysed 48 h later and assayed for luciferase activity using the Dual Luciferase Reporter Kit (Promega) according to the manufacturer's instructions. Triplicate wells per sample were assayed and relative luciferase activity was calculated as the ratio of firefly to Renilla luciferase activity.
Immunohistochemistry. Tumours extracted from mouse xenograft models were fixed in 10% neutral-buffered formalin, paraffin embedded and H&E and immunohistochemical staining with NIK (Abcam; ab7204), TERT (Abcam; ab32020) and Ki-67 (Abcam; ab15580)-specific antibodies were performed by the Advanced Molecular Pathology Laboratory (AMPL) of IMCB (A * STAR). The expression of NIK and TERT in tumour tissues from GBM patients was evaluated by performing immunohistochemical staining with anti-NIK and anti-TERT antibodies and subsequent quantification of the staining intensity was calculated using Image Pro Plus 6.0. For each set of specimens examined, the relative expression of TERT was plotted as a function of NIK relative expression and linear regression analysis was performed.
Statistical analyses and reproducibility of experiments. Student's t-test (twotailed) was performed to determine the significance of difference shown in every data figure, using GraphPad Prism software, unless otherwise mentioned. Normal distribution was assumed for all statistical analyses. Every cell culture, ChIP or in vitro DNA-binding experiment, including western blots and luciferase assays, was reproduced at least twice independently with similar results. The number of independent sets for each experiment is indicated in all figure legends and raw data are shown in Supplementary Table 2. No particular method of randomization was used in the experiments. Samples/animals were randomly assigned to experimental groups and processed. Investigators were not blinded to allocation during experiments and outcome assessment. For cell culture experiments, no statistical method was used to predetermine sample size. For all in vivo experiments, animals of the same age, gender and strain were used and thus equal variance was assumed. The experiments were not randomized. Healthy NOD-SCID mice of similar age and gender were randomly assigned to experimental groups in the tumour xenograft and orthotopic glioma models. Power analysis was used to estimate the sample size for in vivo experiments. Assuming that 90% of mice xenografted with NIKoverexpressing T98G cells would exhibit oncogenic properties, compared with 20% of mice xenografted with vector control T98G cells, we calculated that a sample size of at least 5 per group would be needed to detect a significant difference in proportions, at an alpha of 0.05 and power of 0.80. On the basis of the results of the tumour xenograft experiment, we calculated that a sample size of a minimum of 2 per group would be needed to detect a significant difference in proportions, at an alpha of 0.05 and power of 0.80, assuming that 100% and 20% of the mice engrafted with NIK-overexpressing and vector control T98G cells, respectively, would exhibit oncogenic properties. Hence, we performed the orthotopic glioma animal studies using a sample size of 3 per experimental group.
